A Gram-stain-positive, catalase-negative and short-rod-shaped organism, designated VTT E-94560, was isolated from beer in Finland and deposited in the VTT culture collection as a strain of Lactobacillus rossiae. However, the results of 16S rRNA gene sequence analysis showed that VTT E-94560 was only related to Lactobacillus rossiae JCM 16176 T with 97.0 % sequence similarity, lower than the 98.7 % regarded as the boundary for the species differentiation. Additional phylogenetic studies on the pheS gene, rpoA gene and 16S-23S rRNA internally transcribed spacer region further reinforced the taxonomically independent status of VTT E-94560 and its related Lactobacillus species including L. rossiae and Lactobacillus siliginis. Strain VTT E-94560 also exhibited several differences in its carbohydrate fermentation profiles from those related Lactobacillus species. In addition, DNA-DNA relatedness between VTT E-94560 and these two type strains was 4 % (L. rossiae JCM 16176 T ) and 12 % (L. siliginins JCM 16155 T ), respectively, which were lower than the 70 % cut-off for general species delineation, indicating that these three strains are not taxonomically identical at the species level. These studies revealed that VTT E-94560 represents a novel species, for which the name Lactobacillus curtus sp. nov. is proposed. The type strain is VTT E-94560
The genus Lactobacillus forms a large group of Gram-stainpositive bacteria and inhabits food, beverages, humans and animals. Many lactobacilli have been widely used in fermented food production; however, in the brewing industry, lactobacilli can be attributed to beer spoilage. Some lactobacilli can grow in beer and produce unpleasant taste and odour, turbidity or ropiness. Beer is typically regarded as a microbiologically stable beverage due to several factors including: the presence of ethanol and hop bitter compounds, relatively low pH, poor nutrients, high carbon dioxide concentration and low concentration of dissolved oxygen [1] . Since the presence of beer spoilage lactobacilli in a brewing environment can cause microbiological problems, taxonomic study and identification of these organisms are critical for the brewing industry.
Lactobacillus rossiae was one of the newly proposed sourdough lactic acid bacteria [2] , and it has also been recently reported as contributing to beer spoilage [3, 4] . In our preliminary study among L. rossiae strains, it was suggested that VTT E-94560, isolated from beer and originally deposited in the VTT culture collection as L. rossiae, cannot be clearly placed within any recognized species of the genus Lactobacillus. To clarify the taxonomic status of VTT E-94560, more detailed studies were undertaken.
In this study, the following reference strains were used: VTT E-94560 (isolated from beer in Finland, originally deposited in the VTT culture collection as Leuconostoc lactis and reclassified as L. rossiae), L. rossiae JCM 16176 T (isolated from wheat sourdough) [2] , L. siliginis JCM 16155 T (isolated from wheat sourdough) [5] , and strains ABBC636, ABBC637, ABBC638 and ABBC639 (isolated from brewery environments and identified as L. rossiae by 16S rRNA gene sequence analysis). The strains were cultured at 25 C under anaerobic conditions using de Man-Rogosa-Sharpe (MRS) medium containing 1.5 % agarose to examine morphological features, spore formation and catalase activity, as well as to conduct Gram-staining, ribotyping and PCR studies. Degassed beer was used as a cultivation medium for the scanning electron microscope (SEM) imaging, and MRS broth was used for the other tests. DNA used for PCR studies was extracted with PrepMan Ultra (Applied Biosystems) according to the manufacturer's instructions.
Morphological features, Gram-staining and spore formation were examined for VTT E-94560, L. rossiae JCM 16176 T and L. siliginis JCM 16155
T by microscopy. Also, motility was determined using MRS containing 0.15 % agarose, and catalase activity was tested using 3 % hydrogen peroxide. As a preparation for SEM imaging, VTT E-94560 cells were IP: 54.70.40.11
On: Thu, 18 Jul 2019 00:24:22 fixed in 1 % glutaraldehyde for 12 h at 4 C and subsequently fixed in osmium for 2 h at 4 C. The fixed samples were dehydrated by adding stepwise increased concentrations of ethanol solutions (30 to 99.5 %) and, subsequently, t-butanol. The specimen, which was immersed and frozen in tbutanol, was evaporated in a vacuum chamber FDU-1200 (EYELA) by an oil rotary pump for drying. Cells were coated by an ion sputter HP-2 (Hitachi) and examined by S-4300 scanning electron microscope (Hitachi). The isomeric lactate type was determined by using the F-kit D-Lactic acid/L-Lactic acid (R-Biopharm). VTT E-94560 formed small, white and smooth colonies after 2-3 days incubation on MRS agar at 25 C under anaerobic conditions. Cells were predominantly short rods (0.5Â0.5-1.0 µm) (Fig. 1 C under aerobic conditions in MRS broth adjusted to pH 3.5-8.5 or containing 0-5 % (w/v) NaCl, but did not grow with 10 % (w/v) NaCl, which was also the case with the other two type strains.
Carbohydrate fermentation profiles of VTT E-94560, L. rossiae JCM 16176 T and L. siliginis JCM 16155 T were studied using an API 50 CH identification system (bioM erieux) according to the manufacturer's instructions. Ammonium production from L-arginine was tested with the Nessler reagent after cultivation in media composed of 1 g l Table 1 ).
The cell-wall peptidoglycan structure of VTT E-94560 was examined by using an ACQUITY UPLC system (Waters). The result showed that the cell wall was composed of Glu, Ala and Lys, but meso-diaminopimelic acid was not detected.
The ability of the organism to grow in and spoil beer was tested by inoculating VTT E-94560, L. rossiae JCM 16176 T , L. rossiae strains ABBC636, ABBC637, ABBC638, ABBC639 or L. siliginis JCM 16155
T at 1000 c.f.u. ml À1 in bottled commercial pilsner beers (pH 4.4) containing 5.6 g l À1 of dissolved carbon dioxide (0.23 MPa at 20 C). The inoculated beers were incubated at 25 C and examined for visible growth for up to 90 days. The bacterial growth level was Cell width Â length (µm) 0.5Â0.5-1.0 0.5Â1.0-1.5 0.5Â1.0-1.5
Growth at:
Acid production from:
43.0 50.1 45.7
counted by using MRS agar after visible turbidity was observed. The presence of hop resistance genes, horA and horC, whose contribution to the tolerance to hop bitter compounds and the ability to spoil beer has been reported, was determined by a PCR method using horA-and horCspecific primers [6] [7] [8] . Eighty days after inoculation, VTT E-94560 formed visual turbidity with growth at 10 5 c.f.u. ml
À1
, while the other strains were not able to grow in beer. Both horA and horC genes were detected in VTT E-94560, but none of these genetic markers were found in the other strains examined.
The ribotypes of VTT E-94560, L. rossiae JCM 16176 T , L. rossiae strains ABBC636, ABBC637, ABBC638 and ABBC639 were obtained by using the Ribo-printer (Qualicon). DNA for the ribotype analysis was extracted in accordance with the manufacturer's instructions and restricted with EcoRI [9] [10] [11] [12] . The ribotype of VTT E-94560 showed a clearly different pattern from the ribotypes of L. rossiae JCM 16176
T and brewery isolates ABBC636-639, suggesting that VTT E-94560 is distinguishable from L. rossiae at the species level (Fig. S1 , available with the online Supplementary Material).
Bacterial genomic DNA extracted with PrepMan Ultra (Applied Biosystems) and the primers shown in Table S1 [ [13] [14] [15] [16] [17] [18] were used for the PCR amplifications and sequencing of the 16S rRNA gene, the 16S-23S rRNA internally transcribed spacer (ITS) region, the phenylalanyl-tRNA synthase a-subunit (pheS) partial gene and the RNA polymerase a-subunit (rpoA) partial gene. The two housekeeping genes, pheS and rpoA, were used as genetic markers to allow the identification of Lactobacillus species at a higher resolution than with the 16S rRNA 
Lactobacillus malefermentans CECT 5928 T (AJ575743)

Lactobacillus oligofermentans AMKR18 T (AY733084)
Lactobacillus suebicus CECT 5917 T (AJ575744)
Lactobacillus durianis LMG 19193 T (AJ315640)
Lactobacillus vaccinostercus LMG 9215 T (AJ621556)
Lactobacillus curtus VTT E-94560 T (LC093898)
Lactobacillus siliginis JCM 16155 T (DQ168027)
Lactobacillus rossiae JCM 16176 T (AJ564009)
Lactobacillus fermentum ATCC 14931 T (M58819)
Lactobacillus pontis LMG 14187 T (AJ422032)
Lactobacillus frumenti TMW 1.666 T (AJ250074)
Lactobacillus panis DSM 6035 T (X94230)
Lactobacillus delbrueckii subsp. delbrueckii NBRC 3202 T (AB680027)
Lactobacillus rossiae ABBC 636 (LC229691)
Lactobacillus rossiae ABBC 637 (LC229692)
Lactobacillus rossiae ABBC 638 (LC229693)
Lactobacillus rossiae ABBC 639 (LC229694) 
Lactobacillus spicheri LTH 5753 T (AJ534844)
Lactobacillus brevis ATCC 14869 T (M58810)
Lactobacillus hammesii TMW 1.1236 T (NR_042243)
Lactobacillus malefermentans CECT 5928 T (AJ575743)
Lactobacillus oligofermentans AMKR18 T (AY733084)
Lactobacillus durianis LMG 19193 T (AJ315640)
Lactobacillus vaccinostercus LMG 9215 T (AJ621556)
Lactobacillus curtus VTT E-94560 T (LC093898)
Lactobacillus siliginis JCM 16155 T (DQ168027)
Lactobacillus fermentum ATCC 14931 T (M58819)
Lactobacillus pontis LMG 14187 T (AJ422032) ). The thermal program for each PCR amplification: 94 C for 2 min, followed by 30 cycles of 98 C for 10 s, 50 C for 30 s, and 68 C for 1.5 min. The sequences were analysed by using the Dye Terminator method using the BigDye Terminator Cycle Sequencing version 3.1 kit (Life Technologies) and an ABI3730xl analyser (Applied Biosystems). The CLUSTAL W algorithm provided in DNASIS Pro (Hitachi) was used to align gene sequences and to reconstruct the neighbour-joining (NJ) trees based on the ITS region, the rpoA gene and the pheS gene [21, 22] . The phylogenetic trees based on the 16S rRNA gene sequence were reconstructed by using NJ, minimum-evolution (ME) and maximum-parsimony (MP) methods and MEGA6 software [23] . The bootstrap test was carried out using 1000 replicates.
Three types of phylogenetic tree based on the 16S rRNA gene sequence, reconstructed by NJ, ME or MP methods, showed similar results (Fig. 2a, b, c) . The 16S rRNA gene sequence analysis suggested that L. rossiae JCM 16176 T (accession number AJ564009) and L. siliginis JCM 16155 T (accession number DQ168027) are the closest related strains to VTT E-94560, with the similarity between VTT E-94560 and these two type strains being 97.0 %. Since it is considered that over 98.7 % 16S rRNA gene similarity to the type strain is necessary for identification as the same species [24] [25] [26] , VTT E-94560 is unlikely to belong to L. rossiae nor L. siliginis. The phylogenetic trees also exhibited a clear difference between VTT E-94560 and some other beer-spoilage lactobacilli such as Lactobacillus brevis and Lactobacillus plantarum [3] (Fig. 2a, b, c) . In addition, as a result of partial pheS gene sequence analysis, VTT E-94560 (accession number LC171388) showed 23 % pheS gene sequence variation with both L. rossiae JCM 16176
T (accession number AM087768) and L. siliginis JCM 16155 T (accession number AM932124). The variation was substantially higher than both the maximum intraspecies variation of 3 % and the general interspecies minimum gap of 10 %, which were considered as Lactobacillus species identification [19] . The partial rpoA gene sequence variation between VTT E-94560 (accession number LC171389) and L. rossiae JCM 16176 T (accession number AM922133) and between VTT E-94560 and L. siliginis JCM 16155 T (accession number LC171390) were 12 and 13 %, respectively, which were also higher than both its maximum intraspecies variation of 2 % and general interspecies minimum gap of 5 % [19] . Although L. rossiae was reported to contain a comparatively wide 
Lactobacillus spicheri LTH 5753 T (EU161580)
Lactobacillus hammesii TMW 1.1236 T (EU161595)
Lactobacillus malefermentans CECT 5928 T (EU161596)
Lactobacillus suebicus CECT 5917 T (EU161605)
Lactobacillus vaccinostercus LMG 9215 T (EU161603)
Lactobacillus durianis LMG 19193 T (EU161604)
Lactobacillus curtus VTT E-94560 T (LCC171391)
Lactobacillus rossiae JCM 16176 T (LC198583) T were 50.1 mol% and 45.7 mol%, respectively. For the DNA-DNA hybridization tests, DNA was extracted in accordance with the protocol described by Marmur [27] and purified by CsCl ultracentrifugation [28] . The DNA-DNA hybridizations tests were repeated three times between VTT E-94560 and L. rossiae JCM 16176 T or L. siliginis JCM 16155 T , by the microplate method [29] . The hybridization was performed at 42 C for 3 h. The average value of DNA-DNA hybridization tests showed that L. rossiae JCM 16176 T and L. siliginis JCM 16155 T exhibited 4 % (reciprocal value: 3 %) and 12 % (reciprocal value: 12 %) relatedness to VTT E-94560, respectively, which are considerably lower than the 70 % cut-off for general species delineation [30] [31] [32] .
Thus, VTT E-94560 showed high sequence variation on 16S RNA and several housekeeping gene sequences in comparison with the recognized Lactobacillus species. In terms of phenotypic characteristics such as carbohydrate fermentation profiles and ammonium production from L-arginine, VTT E-94560 also exhibited differences from its closest related strains. Taken collectively, these results revealed that VTT E-94560 is distinct from L. rossiae and L. siliginis at the species level, and represents a novel species, for which the name Lactobacillus curtus sp. nov. is proposed.
LACTOBACILLUS CURTUS (CUR¢TUS. L. ADJ. CURTUS SHORT)
Cells are short rods (0.5Â0.5-1.0 µm), occurring singly or in pairs and sometimes in short chains, Gram-stain-positive, non-spore-forming, non-motile and catalase-negative. Facultatively anaerobic and heterofermentative. Colonies anaerobically incubated on MRS agar (2-3 days at 25 C) are small and white with a smooth surface. Growth occurs at [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] C with the optimum growth temperature at 30 C. Growth does not take place at 45 C. Growth occurs at pH 3.5-8. 
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